Abstract. This study mainly investigates the characteristics of carbide and the matrix structure of ASTM A532-87 CLASS Ⅲ high-chromium white cast iron under directional solidification. The two components of high-chromium white cast iron were put in a 3-level Furan sand model, which is placed in a cold-water circulation copper model, producing unidirectional chilled solidification. A K-type thermocouple is employed to measure data for solidification temperature with time. The move velocities of the liquidus phase and solidus phase is calculated. The matrix and the growth characteristics of M 7 C 3 carbide are explored. As determined from the experiment, the liquidus temperature gradient G L is 0.45~ 0.9 o C/mm, and the solidus temperature gradient Gs is 4.3~6.2 o C/mm. Around 300 nm of the primary carbide is formed from the added elemental nickel being less than 0.3 mm from the chilled end and from the nickel-free alloy being less than 5 mm from the chilled end. As the distance from the chilled end increases, the primary carbide gradually becomes coarser, and the distance between eutectic carbide groups is increased. This study employs EPMA to analyze the changes of primary carbide, eutectic carbide and matrix components with distance from the chilled end, as well as changes in the distributions of chemical elements.
Introduction
Since high-chromium white cast iron has excellent wear resistance performance, it is extensively applied to the parts and accessories of the crumbling, abrasion, scanning and conveying equipment used in the quarrying and mining industries. Their wear resistance properties are mainly due to the high volume fraction of carbide. The structure and morphology of carbide, or the bonding at the interface between the matrix structure and carbide, can influence the mechanical properties of high-chromium white cast iron [1] .
As the Cr/C ratio is increased, the carbides Cr 7 C 3 and Cr 23 C 6 sequentially appear in high-chromium white cast iron. The chromium in these carbides can replace the solid-solution iron. In the solidification process, the primary carbide is a coarse crystal. The microcarbide is crystallized in a eutectic reaction. The material's primary wear resistance characteristics are dictated by the release of this extremely hard carbide. The volume fraction of carbide in a compound greatly influences its mechanical properties. Maratray [2, 3] established an equation, CV% = 12.33 (%C) + 0.55 (%Cr) -15. 2 (1) to calculate the volume fraction of carbide derived from the carbon and chromium content. Pattyn [4] discovered that the higher the Cr/C ratio, the lower the solid-solution carbon ratio of the matrix. It would influence the size of the bonding force between the matrix and the carbide. On the casting state, the martensite iron phase can be acquired immediately, increasing the hardenability effect of the austenite iron structure. A particular carbide size and distribution can be acquired through the control of the solidification speed, further influencing mechanical properties. According to the experimental results of Hawk [5] , the faster the solidification speed, the smaller the distance between carbides. The equation relating these two parameters is given by
λ：gauge of carbides R：solidification rate s：distance of solidification t：time of solidification
Carbide refining leads to a decrease in distance between carbides. It also refers to a decrease of matrix between carbides. It serves the function of a ligament when the cracks in the matrix advance. When the sharp ends of the cracks encounter the matrix, they become blunt because of plastic deformation of the matrix. Hence, carbide refining minimizes the tenacity zone, decreases crack obstruction, and embrittles the material. The morphological change of carbide can influence high-chromium white cast iron and its influence is most apparent in the change in tenacity. However, when the martensitic iron matrix is implemented in the same experiment, the change in tensile strength is extremely small [6] . It is thus known that the volume fraction, distribution, size, dimensions and morphology of carbide have relative influence on the matrix structure of austenite iron.
High-chromium white cast iron with a carbon equivalent value of 4.3% is the eutectic point. The difference between the influence of hypoeutectic and hypereutectic structures on the mechanical properties is significant. According to Liming [7] , the composition of carbon and chromium determine the eutectic rule:
[﹪C]＋0.0474 × [﹪Cr]＝4.3.
Prior discussion and literature concerning high-chromium white cast iron have attained a degree of success. However, there is not much literature studying their carbide growth mechanism. Indeed, carbide plays an important role in the high-chromium white cast iron structure. Understanding the growth properties of carbide in the process of solidification is key to the improvement of the properties of high-chromium white cast iron.
Experimental： ： ： ：
This study uses ASTM A532-87 CLASS Ⅲ high-chromium white cast iron, whose components are shown in Table 1 . For the components N 0 and N 4 , the two elements which have the greatest differences between them are copper (Cu) and nickel (Ni), Carbon equivalent value which are calculated to be 4.22 and 4.17, respectively, according to the eutectic rules. The unidirectional solidification system used in this study can be divided into two parts: a chilled copper model
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incorporating a cold-water circulation system, as well as a Furan sand model with an insulating wall.
The sand models are made by lateral pouring in 3-level dimensions, namely 50 mm, 25 mm and 12 mm, as shown in Fig. 1 . The K-type thermocouples are embedded in the cast at equal distances to measure the change of solidification speed and the cooling temperature curve during unidirectional solidification. classification scheme of George Laird [8] , the eutectic and primary cross-sectional morphologies are a leaf shape and a thick hexagonal crystalline cylindrical shape. By using EPMA, the matrix and the components of the eutectic and primary carbides are analyzed. Table 1 . Two type composites of high chromium white cast iron (w.t%)
Results and discussion Solidification curve: This study uses a K-type thermocouple to measure the relationship between temperature and time, as shown in Fig. 3 and Fig The numerical solidification value can be retrieved from the solidification curve. As known from Table 2 , the cooling speed of the thinner copper model which is close to chilled end is 14.68 o C/sec., whereas the cooling speed of the sand model without the chilled copper model is only in sheet A (12 mm). When the N 0 is 3-5 mm from the chilled copper, micron-sized eutectic carbide can still be seen, and the primary and eutectic carbides cannot be easily differentiated. As shown in Figs.8(a) and (b), clustered carbide microstructures can be observed. After N 4 is added with elemental Cu and Ni, a stabilizing function is caused to the austenite iron [2] , and the nucleation of carbide can be extended. As found in Fig. 9(a) , within a distance of 0.1 mm from the chilled copper, the sub-micron carbide grains can clearly be observed, making the distance between carbides extremely small. As shown in Fig.9(b) , when the N 4 iron is at a distance within 6 mm from the chilled copper, the coarsening primary carbide can clearly be observed, and the distance between the crystalline grains of eutectic carbide is visibly increased. These results show that the addition of the alloy elements Ni and Cu will reduce the chilled depth. According to the eutectic rules, N 0 and N 4 irons at 4.22 and 4.17 are close to the eutectic structure, and the primary structure is the γphase.
However, as shown from the above diagram of the metallographic phase, the primary carbide obviously appears in a hypereutectic microstructure. It is thus proven that high-chromium white cast iron in the chilled sample is caused by a change of the eutectic point. As shown in Fig. 8(c) and Fig.9(c) , at a distance of around 12 mm from the chilled copper sheet, the coarsening of the primary carbide and the increased distance between carbides can be clearly observed, and a greater matrix phase appears in the periphery area. In Fig.9(b) , at a distance of around 3 mm from the chilled copper sheet, the cross-section of the incomplete primary carbide can be clearly observed. The
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central part appears to be coarsening gradually, and there is a clustering of smaller carbides. The combined and coarsened microstructure is estimated. From Fig.8 (a), 9(a), 10(a), 11(a), 12(a) and Fig.13(a) , fine carbides are found at the microstructures closest to the chilled sheet, and appear to possess a clustered structure. In the comparison diagram, the effect of chilling on N 0 is obviously deeper than on N 4 . At the location N 0 a distance 2-3 mm from chilled end, the average grain size of carbide is 0.35-0.5 μm. In samples B and C, at a distance greater than 6 mm from the chilled sheet, primary and eutectic carbides are obviously coarsening, with an average grain size of 1to4.5 μm, and with the size of the largest carbide approaching 10 μm. The experimental results show that adding the alloy elements Ni and Cu can reduce the effect of chilling.
Fig. 14 shows that as the N 4 iron is of greater size, the microstructure phase at a distance from the chilled copper sheet can be observed. As observed from Fig. 14 (a) , it can be deduced that the primary growth of carbide is formed by clustering, and that there is an obvious clustering boundary. Further from the chilled end, it is not easy to find any obvious clustering phenomenon. Fig. 14 (b) shows a partially magnified microstructure from Fig. 14 (a) . It can clearly be seen that unidirectional chilled action makes the arrayal growth of carbides become directional.
As shown in Fig. 15(a) , from the Y-axial microstructure at a distance from the chilled end, it can be observed that the carbides grow in clusters. From Fig. 15(b) , it is found that in the carbide growth process, the phenomena of branching and merging would be increased, as indicated by the arrows. Table 3 shows the results that under the conditions of different cooling speeds, the faster the cooling speed, the smaller the average grain size of carbide; and the greater the distance from the chilled end, the larger the carbide grain. These phenomena can clearly be seen from the acquired experimental results shown in Table 4 . In addition, from samples B and C, it is again verified that the effect of chilling on N 0 is greater than on N 4 , and the volume fraction of carbide in N 4 is around 11% higher than in N 0 . As shown in Fig. 16 , the most obvious case is N 0 . After both of them have been coarsened, the average grain size is 3-3.9 μm, with a standard deviation of less than 0.5. This indicates that the dimensions of the crystalline grains are more concentrated in a single zone. Fig.17 presents the distribution diagram of the chilled-1, chilled-2 and chilled-3 grains of the N 0 (C) samples. As the high-peak value increases with distance from the chilling, the average grain size increases gradually. According to the Maratray's equation, the volume fraction of carbide is 36.7%. Based on ASTM.E112-96, this study adopts a straight-line intercept fraction to deduce the volume fraction is in the range 35.5% to 48.4%, which is obviously rather high. Inference from our results as well as the point photographed under magnification cannot cover the entire metallographic structure. This is related to the focused concentration on the zone tightly squeezed with crystalline grains. Concerning the effects of chilling, this analysis is still valuable. As the cooling speed of sample A is fast, the volume fraction of carbide is obviously lower than other samples. After measurement, the measured result of sample B is greater than samples A and C. Analyze the solid-solution changes of elemental chromium (Cr) and iron (Fe) of the primary and eutectic carbides in sample B, as shown in Table 4 . It is found that the chemical elements of primary carbide do not change with a difference in cooling speed, implying that primary carbide atoms have been formed at above 1400 o C. The
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formation time for eutectic carbide is shorter and the temperature is lower because the different cooling speeds lead to different lengths of eutectic reaction time. As a result, the Cr and Fe are solid solutions in carbide, with a trend of a rise in one yielding a fall for the other. When the Cr eutectic reaction time is longer, the solid-solution volume gradually increases to 41.7%. In the microstructure close to the chilled copper model, since the carbide is smaller than the EPMA beam by 0.5 μm, the elements around the B-chilled-1 carbide will be retrieved, making the primary, or the eutectic carbide, contain Ni and Cu, and also leading to difficult detection of the actual distribution of elements of the matrix according to the current EPMA. 
Conclusions
Our experimental results can be conclusion as follows: 1. In the solidification process, the high-chromium white cast iron with added nickel and copper does not affect the temperature curve of thermal arrest. 2. Due to the effect of chilling on high-chromium and high-carbon white cast iron, the carbide appears to have sub-micron grain microstructure at a diameter of 0.35-0.5 μm.
3. For the high-chromium white cast iron containing Ni and Cu, the chilled depth of N 4 carbide is smaller than that of N 0 containing no elemental Ni or Cu.
4. Concerning thermal arrest at longer times, the amount of elemental chromium solute in the eutectic carbide will be increased. This is most clearly seen for the N 0 iron.
5. Except the obvious change of the solute element in the primary carbide found at the chilled 0-2 mm only, change in other places was not obvious.
6. After the hardness test, it is observed that the highest value of N 0 occurs at a distance of 3-5 mm from the chilled copper sheet. The hardness decreases gradually with an increase in distance. 7. Adding the alloy elements Ni and Cu can stabilize the austenite iron phase, and lead to a decreased effect of chilling.
8. For the effect of chilling on the 3-level ladder-shaped model, the volume fraction of carbide in the middle section of the sample is as high as that of the samples at its two sides.
